We present a comparative study of the vibrational and luminescent properties of Ge nanocrystals (NCs) prepared by two different techniques, namely ion implantation (process I) and radio frequency (RF) sputter deposition technique (process II). Ge NCs of size 6-13 nm are formed embedded in a SiO x matrix as a result of post-deposition annealing. Optical Raman studies reveal the presence of strain in the embedded Ge NCs in both cases. Polarization dependent low frequency Raman scattering studies show that process I yields NCs with surface symmetrical Raman modes only, whereas process II yields additional surface quadrupolar Raman modes. Photoluminescence (PL) studies using 488 nm excitation show a broad emission band that can be deconvoluted into two peaks centered at ∼535 nm and ∼594 nm. PL studies on Ar implanted and similarly annealed SiO x layers confirm that the 535 nm and 594 nm emission bands are originated from oxygen deficient defects (ODCs) in the SiO x matrix. PL studies with 325 nm excitation show additional strong peaks in the ultraviolet-blue region. Analyses of the PL spectra from various samples show that different PL emission bands are related to various forms of ODCs having different environments dependent on different defect formation processes. It is concluded that due to poor quality of interface between NC and defective SiO x matrix, recombination at defects dominates the room temperature light emission from embedded Ge NCs, while light emission due to quantum-confined carriers in the NCs is quenched, perhaps due to inherent strain in the embedded NCs.
Introduction
In recent years, there is an upsurge of interest to understand the optical properties of Ge nanocrystals (NCs) in the quantum confinement regime, since these NCs appear to have promising light emitting and charge storage characteristics. However, a proper correlation between the structure and optical properties of Ge NCs has rarely been found experimentally. Furthermore, intriguing role of defects and effect of electron and phonon confinements are poorly understood in Ge NCs as compared to their counterpart in Si NCs. Experimental observations have rarely met the theoretical predictions regarding the superior optical properties of Ge NCs. Several studies have indicted that the defects in the surrounding matrix are primarily responsible for broad photoluminescence (PL) in the visible region [1, 2] , while some studies attribute the luminescence to quantum confinement of charge carriers in the NCs [3, 4] . Recently, a hybrid model has been proposed to account for the visible PL from embedded Ge NCs prepared by two different techniques [5] . Torchynska et al have shown that in Ge or Si-rich Si oxide film, the visible PL in the range of 1.7−1.8 eV and 2.0−2.3 eV are related to defects at Si/SiO x interface and silicon suboxide, respectively [6] . On the other hand, Das et al have attributed the 1.7-1.8 eV broad emission to recombination at Ge NCs with a size distribution [7] . In some cases, an orange PL band at 1.9 eV has been assigned to substoichiometric Ge oxide (GeO x ) [8] . Rebohle et al [9] reported a strong blueviolet PL and electroluminescence from Ge-implanted and Siimplanted SiO 2 layers, and they attributed the observed PL to neutral oxygen vacancies in SiO 2 [10] . Similarly, Sahoo et al observed stable violet emission from Ge-implanted α-quartz and attributed it to Ge-related defects [11] . On the other hand, Liao et al [12] and Feinardi and Paleari [13] observed violet PL in SiO 2 samples that does not contain Ge atoms and the violet emission was attributed to oxygen deficient defects (ODCs) in SiO 2 . Infrared PL has also been attributed to defect states in the NCs [2] . Most of these studies have been carried out on samples prepared by a single technique. A comprehensive understanding of mechanism of light emission from embedded Ge NCs is feasible with comparative studies on samples prepared by different techniques. Furthermore, most of the reported studies have been performed with visible light excitation (488 nm or 459 nm light sources) that give only a partial picture of the density of states taking part in the luminescence process and very few studies have been carried out with UV excitation [9, [12] [13] [14] .
For ultrasmall Ge NCs, structural transformation has been proposed in the literature to account for the visible PL [15] . Distinct signature of structural disorder in Ge NCs grown by ion implantation in silica has been reported [16] . Presence of compressive stress on embedded Ge NCs has been studied by several groups [17] [18] [19] . Sharp et al [20] have recently made in situ TEM observation of growth of sapphire-embedded Ge NCs and found a compressive stress of 3-5 GPa on the embedded Ge NCs. However, the implications of strain on the optical properties of NCs are least explored in the literature. Despite the evidence of wellcharacterized Ge NCs prepared by different methods such as ion implantation, sputtering etc, unambiguous evidence for the excitonic emission from quantum-confined carriers in Ge NCs is lacking in the literature. Thus, it is imperative to understand the specific role of defects and lattice strain in the NCs on the photoluminescence properties of embedded Ge NCs. It is anticipated that in addition to the defects at the NC surface and defects in the embedding matrix, strain in the NCs may adversely influence the light-emitting properties of Ge NCs.
Raman scattering is a powerful tool to understand the structural properties of NCs. Raman studies have been utilized to monitor stress in Ge NCs embedded in silicon oxide [16] [17] [18] [19] . Low frequency Raman scattering (LFRS) has proved to be a powerful tool to monitor surface vibrational modes of embedded NCs [21] . While the optical Raman spectra of Ge NCs of different sizes have been reported [19, 22] , distinctive features of Raman modes dominated by surface atoms and those dominated by interior atoms are less studied. In the lowfrequency range, Raman modes whose frequencies increase with decrease in NC size have been reported for various metals [23] and semiconductors [21, 24] , and were attributed to the distortion modes of a continuum sphere [25] . Theoretically predicted low frequency surface vibrational modes for Ge NCs [26] have been verified for Ge NCs prepared by the ion-implantation technique [27] . However, sputter-deposited Ge NCs have not been studied much. Very recently, Yang et al have reported acoustic phonon modes of embedded Ge NCs [28] . Experimental determination of the low-frequency modes is often difficult for small NCs, since the scattering cross-section is quite low for small sized NCs, whereas for the larger size NCs low-frequency modes fall in a region where the Rayleigh tail dominates the scattering intensity.
In this work, we have studied the light emitting and vibrational properties of embedded Ge NCs prepared by RF sputtering and ion-implantation techniques. Ge NCs embedded in a SiO 2 matrix are characterized by x-ray diffraction (XRD), transmission electron microscopy (TEM), Raman and photoluminescence (PL) spectroscopic techniques. Origin of the visible and strong UV PL emission at room temperature is discussed in the light of the strain and defects present in the matrix as well as surface/interface of the NCs. Possible mechanism of quenching of expected PL emission from Ge NCs is also discussed.
Experimental details
The Ge-SiO 2 thin films were deposited on (1 0 0) oriented p-type Si substrates by RF magnetron co-sputtering (process I). Prior to the deposition, the Si substrates were dipped in dilute hydrofluoric acid to remove the surface native oxide followed by rinsing in de-ionized water and drying in a flux of N 2 . The target used was a 3 inch n-type Si wafer masked with Ge wafer pieces of defined area. The chamber was first evacuated to a base pressure of 1 × 10 −6 Torr. The target-to-substrate distance was kept fixed at 6 cm and the working pressure was maintained at 0.11 Torr by introducing oxygen and argon in the ratio of 2:1. The depositions were carried out at a RF power 50 W for 1 h. No external heating of the substrate was employed during deposition. Both sputtered Si and Ge species while transporting through the oxygen discharge become oxidized and condense on the substrate. As-deposited samples are subsequently annealed at 700
• C (Sp1) and 900
• C (Sp2) for 1 h in nitrogen ambient to grow Ge NCs of various sizes. Since Ge is thermodynamically less stable in its oxide form than Si, GeO x may be reduced to Ge under high temperature annealing. Annealed samples were studied by XRD, TEM, PL and optical Raman and low-frequency Raman scattering (LFRS) measurements.
In the ion-implantation method (process II), 300 keV Ge + ions were implanted at room temperature on thermally grown (wet-oxidation) SiO 2 films of thickness ∼300 nm on a Si(1 0 0) 
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• C A r 1 - Figure 1 . XRD pattern for Sp1, Sp2 and Ge2 samples showing formation of (1 1 1) and (3 1 1) oriented Ge NCs. Sp1 shows presence of GeO 2 phase due to lower temperature of annealing.
substrate with fluences 3 × 10 16 (Ge1) and 1 × 10 17 (Ge2) ions cm −2 . Implanted and unimplanted SiO 2 layers were first heat treated at 800
• C for 1 h and further treated at 950
• C for 2 h in argon gas ambient. Evolution of the Ge NCs has been studied after each step of annealing by using XRD, PL, Raman and LFRS techniques. For comparison, Ar ion is implanted (dose: 5 × 10 16 cm −2 ) on a thermally grown SiO 2 layer and annealed at 900
• C to study PL emission caused by defects in the SiO 2 layer. This sample will be referred to as Ar1 for further discussion. For the ease of discussion, the details of the samples with nomenclature are presented in table 1.
XRD measurements were performed in a grazing incidence mode using a Powder diffractometer (Bruker D8 Advance) with a thin-film mode attachment. The TEM observations were carried out using a JEM 3000 F field emission microscope with an operating voltage of 300 kV. Raman spectra for all the samples were recorded in the backscattering geometry using a vertically polarized 488 nm argon-ion laser. Low frequency Raman spectra were recorded from 5 to 40 cm −1 at steps of 0.5 cm −1 using the same setup. Steady-state PL measurements were made with two different laser excitations: 325 nm (He-Cd laser) and 488 nm (Ar ion laser) at room temperature, using a Jobin-Yvon T64000 spectrometer equipped with a cooled charged coupled detector. Figure 1 shows the XRD pattern for samples Sp1 and Sp2, and the inset shows the pattern for sample Ge2. Peaks at 
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XRD and TEM studies
27.3
• and 53.7
• are signature of Ge NCs grown with (1 1 1) and (3 1 1) orientations, respectively. In a low temperature annealed sample, the presence of GeO 2 along with Ge NCs is clear from the figure. At higher temperature of annealing ( 900
• C), the Ge(1 1 1) related peak dominates the spectra. Figure 2 shows a typical TEM image (high resolution) of the embedded Ge NCs in sample Sp2. Embedded Ge NCs (dark spheres) are found to be evenly distributed in the SiO 2 matrix and apparently uniform in size (7-8 nm) with a nearly spherical shape, In Sp1, the average size of the Ge NCs is expected to be smaller due to lower temperature of annealing. For different samples, the average size of the NCs was estimated from LFRS measurements and compared with the TEM results. Figure 3 shows typical optical Raman spectra for the Sp2 sample showing a 300.9 cm −1 peak due to Ge-Ge modes and a 420 cm −1 peak due to localized Si-Si motion in the neighborhood of one or more Ge atoms in the SiO x matrix [29] . In all the samples, the Raman line width for the Ge-Ge peak is found to be relatively broad (e.g. ∼20 cm −1 in Sp2) as compared to the bulk Ge crystal Raman line width (∼4 cm −1 ). The Raman spectrum of the Ge1 sample shown in the inset of figure 3 shows a line width of ∼15 cm −1 . The line width broadening is primarily caused by confinement of phonons in the Ge NCs. Raman line width is known to be inversely proportional to the size of the NCs.
Optical Raman and low frequency Raman scattering studies
In order to describe quantitatively the Raman spectra, the standard phonon confinement model [30] can be adopted to estimate the mean size d of Ge NCs. For spherical NCs (as found in our samples), the first-order Raman spectrum I(ω) is where ω 0 = 300.4 cm −1 ; q is expressed in units of 2π/a Ge , with a Ge = 0.565 nm being the lattice constant of Ge. is the natural line width (≈3.5 cm −1 ) and ω(q) is the dispersion relation for optical phonons in c-Ge. Since the crystallite size d is larger than the lattice constant a Ge , we may take
and B = 1.000 × 10 5 cm −2 [19] . Using the above equation, we calculate the Raman intensity profile to obtain the mean crystallite size. Note that we expect a downshift of the Raman peak position due to the small crystallite size, which is contrary to the observation of small up shift (∼0.5 cm −1 )
Q1
of the peak. In the Raman spectra of the Sp2 sample, the observed FWHM of 20 cm −1 for the 300.9 cm −1 peak would correspond to an average NC size of d = 4.6 nm, as predicted from equation (1) . However, the mean sizes of the NCs as determined from TEM and LFRS studies (shown later) are about double of this size. Interestingly, equation (1) predicts that a crystallite size of 7-8 nm would give rise to a FWHM of 9-11 cm −1 , in contrast to the observed FWHM of 20 cm −1 . Hence, the additional line width and the observed up shift of 300.4 cm −1 peak must be contributed by other factors such as strain in these small crystallites. The compressive stress exerted on Ge NCs may increase with decreasing crystallite size [19] , because the Ge NCs are embedded in the SiO 2 matrix. The nearest-neighbor distance in a-SiO 2 is of the order of 0.16 nm and that in Ge crystals is 0.24 nm. The mismatch will result in a compressive stress on the Ge NCs. The stress causes an upward shift of the c-Ge peak, thereby compensating the downward shift caused by the confinement on phonon frequency. According to the calculation of Wu et al [19] , for the NC size of 7-8 nm, we expect a downshift of Raman peak frequency by ∼3 cm −1 . The compressive stress s can be estimated from this downshift ( ω) using a formula ω = −s(P + 2Q)/2ω c , where P = −1.3ω 2 c and Q = −1.65ω 2 c are the phonon deformation potentials of Ge, and ω c is the frequency of the Ge crystalline peak [19] . Since our TEM studies do not show any significant distribution in NC sizes, we neglect the contribution of particle size distribution to Raman line shape and estimate a compressive stress of 0.34% for the Ge NCs present in sample Sp2. This stress is primarily responsible for the up shift of Raman peak and the additional broadening in line width of Raman spectra. In sample Sp1, the compressive stress would be relatively large since the NC sizes are expected to be smaller; as a result, the Raman signal is very weak and broad. Broad Raman spectra from sputterdeposited Ge have been reported by Das et al [31] and have been attributed to the size distribution and the strain in the deposited film without any quantitative analysis. However, several studies have clearly indicated the presence of strain in the SiO 2 -embedded Ge NCs [17] [18] [19] [20] . There could be various sources of strain in embedded Ge NCs: (i) liquid-solid phase transition in Ge during a high-temperature heat treatment, (ii) lattice mismatch between the Ge and SiO 2 matrix, and lattice mismatch between Si and Ge, (iii) composition of the surrounding oxide matrix such as silicon suboxide (SiO x ) or Ge suboxides (GeO x ), and (iv) imperfect surface reconstruction during growth of NCs. Using Rutherford back scattering spectrometry, we have found that in ion-implanted samples, the surrounding matrix of NCs has a composition of SiO x (x ∼ 1.78). Similarly, the compositions of GeO x and SiO x are sensitive to the processing temperature and partial pressure of oxygen during sputter deposition. In fact, our Raman results show that for the Sp1 sample the Si-Ge peak is at 445 cm
(not shown), whereas in the Sp2 sample the Si-Ge peak is located at 420 cm −1 . This indicates that in the Sp2 sample, some of the Si-Si motions are replaced by Si-Ge bonds [29] as a result of higher temperature annealing, as compared to the Sp1 sample. Lopes et al found that in Ge-implanted SiO 2 , even after 900
• C annealing, a significant fraction of up to ∼20% of the Ge content still remain distributed in the oxide matrix around the NCs [32] . Hence, these factors contribute to the strain and the present Raman results confirm the presence of strain in Ge NCs. Our results are consistent with previous reports on strain in embedded Ge NCs [17] [18] [19] [20] . Figure 4 shows LFRS spectra for Sp1 recorded under VV polarization geometry. The inset shows the spectra recorded under VH geometry. In both cases, two distinct peaks are observed. It has been shown that spheroidal modes with l = 0, 2 are Raman active and torsional modes are Raman inactive [21] . The surface quadrupolar mode (l = 2) appears in both polarized and depolarized geometry, whereas the surface symmetrical mode (l = 0) appears only in the polarized geometry. In the present study, since the LFRS peaks appear in both VV and VH geometry, we assign the lower frequency mode to surface symmetrical (0, 0) and the higher frequency mode to surface quadrupolar (0, 2) modes of confined acoustic phonons, as per the standard notation to denote a phonon mode [21] . Similar LFRS modes have been reported recently for ZnO nanocrystals [33] . From the measured low frequency modes in Sp1, the NC sizes are calculated as 7.3 nm using the standard formula for the spheroidal mode in Ge NCs [34] : for Ge [33] . In the Sp2 sample, the corresponding sizes grow to 9.1 nm as estimated from the LFRS peak, due to the higher temperature annealing. The sizes reported in table 1 are based on the LFRS analyses on Sp1, Sp2, Ge1 and Ge2 [27] . The estimated sizes are in close agreement with the size observed from TEM measurements. Any deviation in the results would be expected for non-spherical shape of the NCs and assumption of appropriate boundary conditions. Therefore, measurement of acoustic phonon modes allows a fair assessment of the size and shape of the NCs and thus it is a powerful nondestructive technique to characterize nanocrystals. Note that in the Ge1 and Ge2 samples, we observed LFRS peaks only in a VV configuration [27] , and the peaks are attributed to the surface symmetrical (0, 0) spheroidal mode. This is in contrast to the case of Sp1 and Sp2 samples, where we observe both symmetrical (0, 0) mode and quadrupolar (0, 2) mode. This is believed to be due to different surrounding of the NCs prepared by two different methods. In these two cases, the Ge/SiO 2 interface is expected to be different due to different processing conditions. In the case of ion implantation method, the latticedamage-induced strain in the SiO 2 matrix may be forbidding the surface quadrupolar mode to be observed.
Photoluminescence studies
In Ge-implanted samples, the nature of PL emission with 488 nm excitation has been previously reported by us [35] .
In this section, we compare the PL results of samples prepared by process I and process II with that of sample Ar1. Figure 5 shows the room temperature PL spectra of Ar1, Ge2, Sp1 and Sp2 samples with a laser excitation of 488 nm. All the samples including Ar1 show a broad feature in PL in the visible region of wavelength. The sputter-deposited samples show low intensity emission and the ion-implanted samples show a relatively stronger emission band constituting two peaks centered at ∼535 nm and ∼594 nm. Samples prepared by both process I and process II do not show any significant size dependence in PL emission energy [29] . Since the peak position is almost independent of the size of the NCs and the implantation species, the related emission cannot be ascribed to the radiative recombination of excitons confined in the Ge NCs. The emission band should be related to defects in the SiO x matrix. In the literature, similar peaks at ∼540 nm are attributed defects in SiO 2 (i.e. nonbridging oxygen hole center) [8] . In fact, our Rutherford backscattering studies on Ge ion-implanted SiO 2 (thermally grown) samples showed that implanted and annealed SiO 2 layers are oxygen deficient, i.e. it is SiO x , where x < 2. Hence, we attribute the broad visible band, shown in figure 5 , to oxygen deficient defects in the SiO x matrix. In particular, the 535 nm peak may be attributed to oxygen hole center defect in SiO x , and the 594 nm peak may be attributed to a structural disorder in the SiO x matrix. The oxygen content and quality of SiO x is likely to be different in samples prepared by process I and process II, and hence a slight variation of emission intensity and peak position is reasonable. We note that there is a small change in mean position of PL emission in samples Sp1 and Sp2. This is due to different annealing conditions for these two samples and the changes in the quality of SiO x may be responsible for such a small change.
To investigate further the contribution of defects in the PL emission, all the samples are studied with 325 nm laser excitation under identical conditions. Figure 6 shows the PL spectra excited with 325 nm for samples Ar1, Ge2, Sp1, and Sp2. We observe several additional PL peaks in the UV and violet-blue region with 325 nm excitation, in addition to a broad peak (low intensity) in the visible region (∼514 nm). Figure 6 shows that sample Ar1 has emission peaks at 343 nm and 399 nm, sample Ge2 has peaks at 342 nm, 356 nm, 377 nm and 398 nm, sample Sp1 has peaks at 375 nm (broad), 377 nm, 409 nm, and sample Sp2 has peaks at 361 nm, 369 nm and 400 nm. Thus, the ∼400 nm peak is common to all the samples including Ar1, where Ge atoms are not present in the SiO x matrix. Similarly, peak at near ∼370 nm is common to all SiO x samples containing Ge atoms. Note that relative intensity of various peaks changes in different samples as a result of different processing conditions. For example, the 377 nm peak is very strong in the Sp1 sample that has been annealed at lower temperature compared to that of Ge2 and Sp2. It may be noted that Liao et al observed a PL emission peak at 370 nm with UV excitation in Si-implanted SiO 2 as well as in unimplanted SiO 2, and they suggested it to be an intrinsic defect in the SiO 2 matrix. Thus, the observed peaks at 377 nm and 400 nm may not be specific to Ge-related defects in the SiO x matrix. Rather, it should be related to the oxygen deficient Si-Si or Si-Ge defects in the SiO x matrix [9] and properties of these defects are not specific to particular atomic species in SiO x , but specific to the local variation of defect potential caused by various atomic species [13] . Raman modes observed at 445 cm −1 and 420 cm −1 in Sp1 and Sp2 samples, respectively, are signature of such defects in the SiO x matrix. Rebohle et al suggested that in the case of neutral oxygen vacancies in SiO x , for a transition from triplet T 1 state to singlet S 0 state, one would expect a blue shift of the PL peak position with the substitution of more Ge atoms in the SiO 2 matrix. In case of Ar-implanted SiO x matrix, nature of oxygen vacancy defects or the ODCs is expected to be different from the other samples containing Ge. Hence, the UV emission peaks are located differently. We note that intensity of 400 nm peak is negligibly low in the Sp2 sample that has been annealed at 900
• C. This is due to the reduction of ODCs with high temperature annealing.
In the literature, there exists controversy regarding the origin of the ∼400 nm peak, since some authors have attributed it to Ge-related defects in SiO 2 or GeO 2 [14] , while others have attributed it to oxygen deficient defects in the SiO 2 matrix [9, 11] . However, the present study and the reports of [12, 13] strongly suggest that the ∼400 nm emission band is not necessarily related to Ge atoms or not specific to Si-Ge or Ge-Ge bond formation in the SiO 2 matrix. Our results suggest that some forms of ODCs in the SiO x matrix are responsible for the 400 nm emission band. In fact, Meinardi and Paleari [13] have argued that different rearrangements of the defect environment depending on the defect (ODCs) formation processes play the key role in determining the PL features at around 400 nm. Thus the 400 nm emission band in SiO 2 is impurity species independent. In the present study, the ODCs could be formed by Si-Si bond formation in Arimplanted samples or Si-Ge or Ge-Ge bond formation in other samples containing Ge. Similar conclusions can be drawn about the 377 nm peak, since the peak is present in all the samples. It is supported by the fact that the 377 nm peak intensity is low in Ge2 or Sp2 samples that are annealed at higher temperature and bond reconstruction takes place at higher temperature. In Sp2 samples, the ODCs are less due to higher temperature of annealing and correspondingly the 400 nm emission intensity is very low. On the other hand, in a Ge-implanted Ge2 sample, despite the annealing at 900 • C, the defect concentration is relatively large due to heavy damage caused by implantation and less recovery of damage takes place during the annealing process.
It may be noted that Ge + -ion implantation in the SiO x matrix followed by annealing not only induces growth of Ge NCs, but also shows formation of small Si clusters [36] in the SiO x matrix, since the matrix is Si-rich. Therefore, presence of small amorphous Si clusters in Ar1 and Ge2 cannot be ruled out. These clusters may cause local strain in the SiO x matrix. Lopes et al have shown significant presence of Ge atoms outside the NCs in the Ge-implanted SiO 2 matrix, even after 900
• C annealing. The presence of substoichiometric Si oxide and defective interface between NCs and the surrounding defective matrix may cause strain in the Ge NCs. Furthermore, a lattice mismatch between Ge and Si crystallites may cause strain, since Ge-Si bond vibration with different compositions is seen from the Raman spectra of Sp1 and Sp2 samples. We believe that in the case of embedded Ge NCs, the ODCs in the oxide matrix and/or the poor quality of interface between the NCs and the defective oxide matrix dictate the photoluminescence properties of the embedded NCs. From the Raman line width analysis, we found that NCs prepared by sputter deposition are more strained than the sample prepared by ion implantation. This strain may be responsible for lower intensity of PL emission (both visible and UV peaks) from Sp1 and Sp2 samples as compared to Ge1 and Ge2 samples.
It is noteworthy that despite the presence of well-formed spherical Ge NC in these samples or those reported in the literature, visible PL could not be related to the radiative recombination of excitons confined in the Ge NCs. Ge NCs in the diameter range 6-13 nm are expected to show a quantum size effect, since the excitonic Bohr radius in Ge is about 17.7 nm. However, all the PL emission bands in the UV to visible regions are related to defects in the oxide matrix and even the near IR PL has been reported to be due to defects. We believe that the absence of PL emission related to the quantum confinement effect is primarily related to the strain field in the interior of the small NCs and the unavoidable surface defects at the NCs that are embedded in the SiO x matrix. The strain field may act as a nonradiative recombination channel for the NCs and the expected PL due to quantum-confined excitons is perhaps quenched by the nonradiative defects. Another possibility is that photoexcited carriers may prefer to recombine at the ODC sites or at the NC/SiO x interface and sufficient carriers may not be available for the band-to-band recombination. This may be the reason why no PL emission has been unambiguously attributed to recombination at the core of the NCs. We conjecture that choosing a different embedding matrix other than SiO x may circumvent this problem and for a strain-free Ge NC, expected enhancement in the PL efficiency of Ge NCs may become a reality. More studies would be required in this direction.
Conclusion
In conclusion, comparative studies on embedded Ge NCs formed by sputter deposition and ion-implantation techniques show that Ge NCs in the size range 6-13 nm are formed embedded in SiO x matrix of different samples. Optical Raman studies strongly indicate the presence of strain in the Ge NCs. LFRS studies show only surface symmetrical acoustic phonon modes of Ge NCs in implanted samples, whereas sputter-deposited NCs show surface symmetrical and surface quadrupolar acoustic phonon modes. PL studies with different excitation wavelengths show that the entire range of visible and UV PL emissions primarily originates from oxygen deficient defects in the SiO x matrix, and properties of these defects are less specific to impurity atom species. It is proposed that the light emission due to radiative recombination of excitons confined in Ge NCs is inhibited due to the inherent strain in the embedded NCs and growth of unstrained Ge NCs in a nonoxide matrix may allow one to observe the expected visible PL emission from small Ge NCs.
